Significance StatementDespite hundreds of clinical trials, just one stem cell treatment has been approved for the U.S. market. Additional treatments nearing clinical acceptance use bone marrow mesenchymal stem cells for inflammatory and immune‐related conditions. This is because safety has been established over decades of testing, and cell transplants prolong life‐saving organ and tissue grafts. In the present study, the intravenous delivery of mesenchymal stem cells enhanced the vision rescue from primary cell grafts into diseased retinae. This combined transplant strategy could improve functional outcomes for cell‐based therapies, expand their utility, and expedite their clinical acceptance.

Introduction {#sct312089-sec-0002}
============

Retinal degenerative diseases, such as age‐related macular degeneration (AMD) and retinitis pigmentosa (RP) affect more than 10 million people in the U.S.; however, current treatment options provide only modest or transient benefit [1](#sct312089-bib-0001){ref-type="ref"}, [2](#sct312089-bib-0002){ref-type="ref"}. Among the hundreds of clinical trials that have begun to develop stem cell‐based products for treating a multitude of indications, the Food and Drug Administration has granted market authorization to just one product, which contains hematopoietic stem cells (HSCs) [3](#sct312089-bib-0003){ref-type="ref"} that have been used in transplants since 1968 [4](#sct312089-bib-0004){ref-type="ref"}. The therapies approved abroad that use MSCs for inflammatory and immune‐related conditions such as graft‐versus‐host disease [5](#sct312089-bib-0005){ref-type="ref"} and osteoarthritis are among those nearing U.S. approval [6](#sct312089-bib-0006){ref-type="ref"}. Thus, the immunosuppressive properties of MSCs have provided the greatest traction for clinical adoption. Evidence to support immune modulation comes from animal studies that showed intravenous MSC infusion (MSC^IV^) promotes the tolerance of transplanted tissues, thereby prolonging primary graft survival and the duration of functional benefit [7](#sct312089-bib-0007){ref-type="ref"}, [8](#sct312089-bib-0008){ref-type="ref"}, [9](#sct312089-bib-0009){ref-type="ref"}, [10](#sct312089-bib-0010){ref-type="ref"}, [11](#sct312089-bib-0011){ref-type="ref"}. It is therefore of translational interest to determine whether MSC^IV^ supplementation can likewise enhance the therapeutic benefit of primary stem cell grafts to treat retinal dystrophies.

For RP patients with recessive mutations in the MER proto‐oncogene tyrosine kinase (*MERTK*) gene [12](#sct312089-bib-0012){ref-type="ref"}, Royal College of Surgeons (RCS) rats bearing an orthologous *MerTK* mutation [13](#sct312089-bib-0013){ref-type="ref"} represent the ideal model in which to evaluate therapeutic interventions. The retinal pigment epithelium (RPE) is defective in the phagocytosis of diurnally shed photoreceptor outer segments (POSs), which accumulate as toxic debris in the subretinal space. Consequently, photoreceptors are progressively lost, with commensurate vision decline from the third postnatal week to 3 months of age [14](#sct312089-bib-0014){ref-type="ref"}, [15](#sct312089-bib-0015){ref-type="ref"}. We, and others, have demonstrated protection of RCS retinae by subretinal injection of MSCs (MSC^SRI^) derived from Wharton\'s jelly [16](#sct312089-bib-0016){ref-type="ref"}, umbilical cord tissue [17](#sct312089-bib-0017){ref-type="ref"}, or human bone marrow [18](#sct312089-bib-0018){ref-type="ref"}. Consistent with the syngeneic graft tolerance proposed for inbred RCS rats without immunosuppression [19](#sct312089-bib-0019){ref-type="ref"}, we demonstrated retinal protection through the noninvasive delivery of isogenic MSC^IV^ in immunocompetent RCS rats [20](#sct312089-bib-0020){ref-type="ref"}.

Mechanical injury to the retina occurs from hypodermic needle insertion alone during sham injection, which produces transient and focal rescue by local trophic factor expression [21](#sct312089-bib-0021){ref-type="ref"}, [22](#sct312089-bib-0022){ref-type="ref"}. This sham effect was shown to mobilize and recruit endogenous progenitor cells to the retina; however, the lack of enduring vision rescue indicated that the autonomous response was insufficient [23](#sct312089-bib-0023){ref-type="ref"}, [24](#sct312089-bib-0024){ref-type="ref"}. Enhanced endogenous progenitor cell integration via cytokine infusion augmented retinal rescue [25](#sct312089-bib-0025){ref-type="ref"}, but vision improvement was not demonstrated. Similarly, vision rescue has not been correlated with retinal homing of exogenous cells [26](#sct312089-bib-0026){ref-type="ref"}. The pivotal motogen that recruits C‐X‐C chemokine receptor 4 (CXCR4)‐bearing cells to disease or injury sites is C‐X‐C chemokine ligand 12 (CXCL12). CXCL12 conditioning of cultured MSCs enhanced retinal homing, integration, and rescue from acute injury [26](#sct312089-bib-0026){ref-type="ref"}. However, cell replacement as a mechanism of retinal protection has been confounded by observations of low MSC engraftment [27](#sct312089-bib-0027){ref-type="ref"}. Despite evidence of human MSC differentiation into neurons [28](#sct312089-bib-0028){ref-type="ref"}, photoreceptors [29](#sct312089-bib-0029){ref-type="ref"}, and RPE [30](#sct312089-bib-0030){ref-type="ref"} after subretinal transplantation in RCS rats, we previously observed only a brief persistence of MSC^SRI^ at injection sites without integration [18](#sct312089-bib-0018){ref-type="ref"}. In contrast, we observed long‐term retinal persistence of human neural progenitor cells (NPCs) [31](#sct312089-bib-0031){ref-type="ref"} and induced pluripotent stem cell‐derived NPCs (iNPCs) [32](#sct312089-bib-0032){ref-type="ref"}, which compensated for defective RPE by adopting a phagocytic role and preventing POS accumulation. However, we also observed no retinal integration.

In the present study, we addressed whether isogenic MSC^IV^ supplementation could enhance the vision rescue conferred by MSC^SRI^ in the absence of immune suppression. We posited that MSC transplantation by two different routes of administration would control for discrepancies in graft immunogenicity and highlight differences in donor cell function. To investigate whether vision rescue relies on MSC^IV^ homing, we mechanically injured one eye by subretinal injection of balanced salt solution (BSS^SRI^) to induce the sham effect and create a chemotactic source in which competitive migration and function could be compared within each animal. We found that MSC^IV^ potentiated the retinal protection conferred by MSC^SRI^ or BSS^SRI^ through nonredundant mechanisms. Translational implications from combined MSC therapy suggest that MSC^IV^ might serve as a universal adjuvant to improve clinical outcomes for cell‐based therapies.

Materials and Methods {#sct312089-sec-0003}
=====================

Animal Procedures {#sct312089-sec-0004}
-----------------

The institutional animal care and use committee of Cedars‐Sinai Medical Center\'s comparative medicine department approved animal procedures, which were performed in compliance with the Association for Research in Vision and Ophthalmology Statement for the Use of Animals in Ophthalmic and Vision Research. Dystrophic, pigmented RCS rats received isogenic MSC^IV^ or MSC^SRI^, or both, at degeneration onset (postnatal day \[P\]21--28). Unilateral MSC^SRI^ (5 × 10^4^ cells) in 2 μl of BSS (Alcon, Fort Worth, TX, <http://www.alcon.com>) was performed through a scleral incision using a fire‐polished glass pipette (internal bore diameter, 75‐150 μm), attached by rubber tubing to a 25‐μl syringe (Hamilton, Reno, NV, <http://www.hamilton.com>). Sham injection consisted of 2 μl of BSS^SRI^. At 24 hours after SRI, the rats received MSC^IV^ via the tail vein with 1.25--1.8 × 10^6^ RCS rat MSCs in 500 µl of BSS.

Visual Function Assessment {#sct312089-sec-0005}
--------------------------

Optokinetic response (OKR), electroretinography (ERG), and luminance threshold recording (LTR) were performed according to our published reports [20](#sct312089-bib-0020){ref-type="ref"}, [32](#sct312089-bib-0032){ref-type="ref"}, [33](#sct312089-bib-0033){ref-type="ref"}. OKR permitted noninvasive gross measures of visual acuity as a function of reflexive image stabilization. Scotopic ERGs were used to correlate visually evoked electrical activity with physiological rescue. ERGs were recorded using binocular contact lens electrodes with the Espion E2 System (Diagnosys LLC, Lowell, MA, <http://diagnosysllc.com>). To measure LTR, we recorded the responses of multiunit neuronal activity in superior colliculi (SC) to light flashes of a 3° area placed in the receptive field while varying the spot brightness. The LTR was defined as the minimal spot luminance capable of eliciting reliable responses with twofold amplitude above background activity. Measurements were performed at 14--18 locations (0.3--0.5‐mm apart) along each side of SC for maximal coverage of the visual field represented on the SC. Data were graphically expressed as the percentage of SC sites at which the LTR was lower or equal to the luminance values indicated by the *x*‐axis and as raw values recorded from individual animals with colored heat map overlay.

Histology and Immunostaining {#sct312089-sec-0006}
----------------------------

Photoreceptor rescue was determined at P60 and P90. The eyes were removed, fixed for 1 hour in 4% paraformaldehyde, subjected to sucrose‐water exchange, embedded in Tissue‐Tek O.C.T. compound (Sakura Finetek Inc., Tokyo, Japan, [http://www.sakura‐finetek.com](http://www.sakura-finetek.com)), sectioned to 10 µm via a cryostat and stained with 0.4% cresyl violet acetate to examine retinal lamination. CXCR4 immunolabeling was performed with antibody clone 12G5 at 1:100 dilution (Abcam Inc., Cambridge, U.K., <http://www.abcam.com>).

MSC Isolation and Culture {#sct312089-sec-0007}
-------------------------

MSCs were derived from 6--8‐week‐old RCS rats, as previously described [20](#sct312089-bib-0020){ref-type="ref"}. For proliferation assays, MSCs were quantified by fluorescent labeling of nucleic acids (CyQuant GR fluorescent dye; Thermo Fisher Scientific Life Sciences, Waltham, MA, <http://www.thermofisher.com>) in multiwell plates (Envision Multilabel plate reader; Perkin Elmer, Waltham, MA, <http://www.perkinelmer.com>). MSC‐conditioned medium (CdM) was produced, as previously described [34](#sct312089-bib-0034){ref-type="ref"}, concentrated using Amicon Ultra Columns of 3‐kDa pore size (EMD Millipore, Bedford, MA, <http://www.emdmillipore.com>), and frozen at −80°C until use. Multilineage MSC differentiation after CXCR4 modulation was performed, as previously described [34](#sct312089-bib-0034){ref-type="ref"}.

MSC Migration Analysis Ex Vivo and In Vivo {#sct312089-sec-0008}
------------------------------------------

CXCR4 was stimulated in MSCs at passages 4 to 5 with 50 ng/ml recombinant rat CXCL12 (PeproTech, Rocky Hill, NJ, <http://www.peprotech.com>) or inhibited with 10 μM 1,1′‐\[1,4‐phenylenebis(methylene)\]bis‐1,4,8,11‐tetraazacyclotetradecane (AMD3100; Sigma‐Aldrich, St. Louis, MO, <http://www.sigmaaldrich.com>) or exposed to BSS (control) for 2 hours. MSCs were washed (2× phosphate‐buffered saline \[PBS\]), cultured for an additional 4 hours, and then enzymatically detached from cultureware (0.05% trypsin EDTA; Corning Inc., Corning, NY, <http://www.corning.com>), manually quantified, resuspended in BSS, and used for MSC^IV^ or plated (5 × 10^4^) onto Millicell inserts of 12‐µm pore size (EMD Millipore) in triplicate for migration assays. Replicate aliquots from each treatment were fixed or permeabilized (4% paraformaldehyde/Triton X‐100), stained for immunofluorescence and flow cytometry intracellular staining (FACSAria III, BD Biosciences, San Jose, CA, <http://www.bdbiosciences.com>). MSCs migrated overnight toward 50 ng/ml CXCL12 in basal medium (BM) containing Dulbecco\'s modified Eagle\'s medium (DMEM) with 100 U/ml penicillin/streptomycin (Thermo Fisher). in the bottom chamber. Transwell membranes were washed with PBS, nonmigrated cells were removed via a cotton‐tipped applicator, fixed/permeabilized (10% formalin/Triton X‐100), and the membranes were removed and coverslipped on glass slides (VWR International, LLC, Randor, PA, <http://www.vwr.com>) using mounting media containing nucleic acid fluorescent dye 4′,6‐diamidino‐2‐phenylindole (DAPI) to identify migrated cells (Vector Laboratories, Burlingame, CA, <http://www.vectorlabs.com>). Migration was quantified by averaging the cell number from 10 random fields of view at ×40 magnification using Java‐based imaging software (ImageJ, version 1.46; National Institutes of Health, Bethesda, MD, <http://www.imagej.nih.gov>). BM served as the negative control, and BM with 30% fetal bovine serum (FBS; Atlanta Biologicals Inc., Flowery Branch, GA, <http://www.atlantabio.com>) served as the positive control.

Fluorescent cell membrane dyes PKH26 and PKH67 (Sigma‐Aldrich) were used to label MSCs immediately before injection. Retinal imaging was performed on flat‐mount dissections or 10‐µm cryosections. For flow cytometry, the eyes were removed and stored at 4°C in PBS (pH 7.4) and dissociated into single‐cell suspension by 20 minutes of incubation at 37°C with enzymatic solution consisting of Ca^2+^/Mg^2+^‐free PBS, 20 U/ml papain, and 0.5 mM [l]{.smallcaps}‐cysteine (Worthington Biochemical Corp., Lakewood, NJ, [http://www.worthington‐biochem.com](http://www.worthington-biochem.com)). Fluorescent cells were detected via LSR Fortessa Analyzer (BD Biosciences). To determine whether MSC‐CdM rescued retinal function, the rats received unilateral SRI of serum‐free 35× CdM (CdM^SRI^) collected from passage 3 to 5 RCS‐MSCs. A complete blood count (CBC) was performed on days 1, 3, 7, and 14 on peripheral blood extracted via the tail vein using the Hemavet 950FS (Drew Scientific, Miami Lakes, FL, [http://www.drew‐scientific.com](http://www.drew-scientific.com)). Tissues were evaluated for migration of PKH^+^ MSCs on day 1, 3, or 7 in retinal cryosections.

RPE Assays {#sct312089-sec-0009}
----------

RPE cultures were established from P10 RCS rat retinae, seeded at 1,000 per well in 96‐well clear‐bottom tissue culture fluorescence plates (Corning Inc.), and expanded in growth medium (GM) containing Dulbecco\'s modified Eagle\'s medium, 10% fetal bovine serum, 100 U/ml penicillin/streptomycin for 2 weeks before bioassays. RPE metabolic activity was measured by cellular dehydrogenase enzyme conversion of 3‐(4,5‐dimethylthiazol‐2‐yl)‐5‐(3‐carboxymethoxyphenyl)‐2‐(4‐sulfophenyl)‐2H‐tetrazolium substrate to formazan by colorimetric assay (CellTiter 96 AQueous One; Promega Corp., Madison, WI, <http://www.promega.com>).

To determine RPE phagocytosis after CdM exposure, bovine POSs (InVision BioResources, Seattle, WA, <http://www.invisionbio.com>) were labeled with fluorescein‐5‐isothiocyanate isomer‐I (FITC; Thermo Fisher) and fed to RPE. RPE were washed (2× PBS), cultured overnight in BM, exposed to 5× MSC‐CdM for 24 hours, and incubated for 18 hours following FITC‐POS addition at 1.44 μg per well. Total fluorescence was measured after three PBS washes to remove unbound POSs (Envision Multilabel plate reader; Perkin Elmer). Internalized POSs were quantified by ImageJ colocalization function after fixation/permeabilization (4% paraformaldehyde/Triton X‐100, 20 minutes) via lysosomal maker immunolabeling for cathepsin‐D 1:250 (Santa Cruz Biotechnology Inc., Dallas, TX, <http://www.scbt.com>), and normalized by cell number (DAPI). RPE unexposed to FITC‐POS served as baseline fluorescence control. Samples were measured in triplicate or quadruplicate.

For trophic factor and receptor blocking/neutralization studies, the following antibodies were used at 5 µg/ml: mouse immunoglobulin (Ig) G~1~ isotype control, brain‐derived neurotrophic factor (BDNF) neutralizing (Thermo Fisher), fibroblast growth factor (FGF)‐2, vascular endothelial growth factor (VEGF)‐A, CXCL12, glial‐derived neurotrophic factor (GDNF), BDNF, ciliary neurotrophic factor (CNTF) p75 nerve growth factor receptor (Santa Cruz Biotechnology Inc., Dallas, TX, <http://www.scbt.com>), connective tissue growth factor (CTGF; Bioss Antibodies Inc., Woburn, MA, <http://www.biossusa.com>), nerve growth factor (NGF)/proNGF, tropomyosin receptor kinase (Trk)A, TrkB, TrkC, glial cell‐derived neurotrophic factor receptor α1, rat p75NTR (Alomone Labs, Inc., Jerusalem, Israel, <http://www.alomone.com>). Recombinant peptides CXCL12, basic FGF (bFGF; PeproTech), and BDNF (Sigma‐Aldrich) were used at 100 ng/ml in BM containing 0.1% NaN~3~ for ex vivo assays.

Statistical Analysis {#sct312089-sec-0010}
--------------------

Student\'s *t* tests were performed using two‐tailed distribution and two‐sample unequal variance (heteroscedastic) to compare LTR values averaged for each eye and raw OKR values from individual eyes. To determine the relative treatment efficacy, values from treated and contralateral (untreated) eyes were compared in individual animals and are expressed as the percentage of improvement, with the animals grouped by treatment. Error bars in animal experiments represent SEM and in ex vivo assays, SD. Statistical significance has been indicated according to convention: ∗, *p* ≤ .05; ∗∗, *p* ≤ .01; ∗∗∗, *p* ≤ .001; ^†^, *p* ≤ .05; ^††^, *p* ≤ .01; ^†††^, *p* ≤ .001.

Results {#sct312089-sec-0011}
=======

Synergistic Efficacy and Morphological Rescue From Combined MSC Transplantation {#sct312089-sec-0012}
-------------------------------------------------------------------------------

We determined whether MSC^IV^ administration increases the vision rescue conferred by MSC^SRI^ transplantation. We first compared subretinal treatments alone, in which rats received MSC^SRI^ (*n* = 5), BSS^SRI^ (vehicle control, *n* = 6), or no treatment (*n* = 6). As singular treatments, visual acuity was higher from MSC^SRI^ than either BSS^SRI^ (*p* \< .001) or untreated controls (*p* \< .001; [Fig. 1A](#sct312089-fig-0001){ref-type="fig"}, blue bars). The higher visual acuity in BSS^SRI^ compared with the untreated eyes illustrated the autonomous protection from the sham effect (*p* \< .01).

![Synergistic efficacy from combined MSC treatment. Postnatal day (P)21--P25 Royal College of Surgeons rats received singular treatment (BSS^SRI^, MSC^SRI^, or Untr.; blue bars) or treatment combined with MSC^IV^ (red bars) and assessed at P90. **(A):** Visual acuity from MSC^SRI^ was 54% higher than with BSS^SRI^ and 110% higher than with Untr. controls. BSS^SRI^ resulted in 36% higher visual acuity compared with Untr. eyes (blue bars). MSC^IV^ supplementation enhanced the visual acuity of Untr. eyes by 29%, BSS^SRI^‐treated eyes by 34%, but not MSC^SRI^‐treated eyes. **(B):** Greater retinal sensitivity to light stimulation (lower luminance threshold) was observed for all subretinal treatments when supplemented with MSC^IV^. Combined MSC^SRI^ and MSC^IV^ treatment (blue line) produced the highest number of responding foci compared with singular treatments MSC^SRI^ (green line) or MSC^IV^ (orange line) at the indicated luminance thresholds. **(C):** Representative LTR from individual animals show retinotopic light sensitivity by heat map indicating focal hot spots (red) as less than 33% of the mean value. The functional rescue area from MSC^SRI^ increased 22% with MSC^IV^ supplementation, corresponding to 3.9‐fold increased total retinal sensitivity. Similarly, MSC^IV^ increased the rescue area from BSS^SRI^ by 27% and retinal sensitivity 3.4‐fold. **(D--F):** Phase‐contrast microscopy images of cresyl violet stained retinae show distinct focal versus panoptic photoreceptor protection that correlates with OKR and LTR data. **(D):** Rats that received MSC^SRI^ alone had five to seven rows of photoreceptor nuclei exclusively at the injection site. **(F):** In contrast, BSS^SRI^ with MSC^IV^ rescued approximately six rows of photoreceptors over a larger area. **(E):** MSC^SRI^ with MSC^IV^ produced greater and more widespread photoreceptor preservation compared with either MSC treatment alone. Brackets indicate focal rescue area. Scale bar = 100 µm. Asterisks correspond to statistically significant differences within MSC^IV^ and MSC^SRI^ groups; daggers correspond to differences between groups. Abbreviations: BSS, balanced salt solution; c/d, cycles per degree; Cd, cycles per degree; INL, inner nuclear layer; IV, intravenous; LTR, luminance threshold response; MSC, mesenchymal stem cell; OKR, optokinetic response; ONL, outer nuclear layer; PR, photoreceptor layer; RGC, retinal ganglion cells; RPE, retinal pigment epithelium; SC, superior colliculi; SRI, subretinal injection; Untr., untreated.](SCT3-6-444-g001){#sct312089-fig-0001}

Using the combined treatment strategy, MSC^IV^ with MSC^SRI^ (*n* = 6) produced the highest visual acuity (vs. BSS^SRI^, *p* \< .01; vs. untreated, *p* \< .01; [Fig. 1A](#sct312089-fig-0001){ref-type="fig"}, red bars). The acuity from MSC^SRI^ alone was similar to that of wild‐type rats and did not increase further after MSC^IV^. MSC^IV^ combined with BSS^SRI^ increased the efficacy of the BSS^SRI^‐mediated sham effect by 34% (*p* \< .01). This represented the greatest functional improvement from MSC^IV^ supplementation.

Detailed analysis of visual function rescue by LTR indicated synergistic improvement from MSC^IV^ supplementation ([Fig. 1B](#sct312089-fig-0001){ref-type="fig"} **)**. Bilateral electrophysiological recordings from SC represented approximately 80% of the animal\'s visual field. The cumulative LTR distribution curve is logarithmic sigmoidal in shape and becomes horizontally exaggerated toward the *y*‐axis as light sensitivity increases. Untreated RCS rats at P90 showed LTR values of 2.7 log units or higher above background (0.02 log unit). In contrast, congenic wild‐type rats typically show ≤0.5 log unit [35](#sct312089-bib-0035){ref-type="ref"}. Combined MSC^SRI^ with MSC^IV^ treatment significantly increased retinal sensitivity to light (lower LTR value) compared with MSC^SRI^ or MSC^IV^ singular treatments at the threshold values indicated. LTR did not differ between MSC^SRI^ alone versus BSS^SRI^ combined with MSC^IV^.

A heat map overlay of LTR values represent increasing light sensitivity from low (blue) to high (red), with hot spots of focal rescue defined as values less than 33% of the mean from both colliculi of each animal ([Fig. 1C](#sct312089-fig-0001){ref-type="fig"}). The hot spot area in MSC^SRI^‐treated eyes increased from 17 of 83 positions (20%) to 36 of 84 positions (43%) by MSC^IV^ supplementation (*p* \< .05). The larger rescue area corresponded to a 3.9‐fold increase in total retinal sensitivity (1.85 ± 0.11 vs. 2.44 ± 0.20 log units; *p* \< .05). MSC^IV^ supplementation of BSS^SRI^ increased the hot spot area from 8 of 50 (16%) to 21 of 47 positions (44%; *p* \< .05) and increased sensitivity 3.4‐fold (2.37 ± 0.17 vs. 2.91 ± 0.02 log units; *p* \< .05). LTR consistently showed an increased size of rescue areas from MSC^IV^ supplementation (supplemental online Fig. 1). Photoreceptor rescue areas from MSC^SRI^ alone ([Fig. 1D](#sct312089-fig-0001){ref-type="fig"}) were larger when combined with MSC^IV^ ([Fig. 1E](#sct312089-fig-0001){ref-type="fig"}) and when BSS^SRI^ was combined with MSC^IV^ ([Fig. 1F](#sct312089-fig-0001){ref-type="fig"}).

Enhanced MSC^IV^ Homing Potentiated Photoreceptor and Vision Rescue {#sct312089-sec-0013}
-------------------------------------------------------------------

To determine whether retinal recruitment after MSC^IV^ is important for vision rescue, we altered the ability of MSCs to home before MSC^IV^. We exposed MSCs to CXCR4 agonist (CXCL12) or antagonist (AMD3100) and confirmed altered migration toward CXCL12 ex vivo and controlled for additional changes to MSC function that might affect graft potency. We first confirmed that MSCs can respond to CXCL12 by their expression of the CXCR4 via immunocytochemistry ([Fig. 2A](#sct312089-fig-0002){ref-type="fig"}--[2C](#sct312089-fig-0002){ref-type="fig"}). Extracellular CXCR4 expression on MSCs was shown to decrease in culture [36](#sct312089-bib-0036){ref-type="ref"}, but intracellular stores traffic to the cell surface after cytokine exposure [37](#sct312089-bib-0037){ref-type="ref"} and restore MSC tropism to ischemic tissues via CXCL12 signaling [38](#sct312089-bib-0038){ref-type="ref"}. By flow cytometry, extracellular CXCR4 levels did not differ by treatment, but intracellular CXCR4 levels increased with CXCL12 or AMD3100 exposure ([Fig. 2D](#sct312089-fig-0002){ref-type="fig"}--[2K](#sct312089-fig-0002){ref-type="fig"}). We excluded the possibility that CXCL12 treatment increased proliferation and provided a cell‐dose advantage by demonstrating no change to MSC growth over 8 days in culture ([Fig. 2L](#sct312089-fig-0002){ref-type="fig"}). MSC chemotaxis was confirmed to increase with CXCL12 stimulation (*p* \< .05) and decrease with AMD3100 treatment (*p* \< .001; [Fig. 2M](#sct312089-fig-0002){ref-type="fig"}). Finally, we evaluated changes in MSC multipotency after treatment and did not detect differences in osteogenic ([Fig. 3A](#sct312089-fig-0003){ref-type="fig"}--[3C](#sct312089-fig-0003){ref-type="fig"}), adipogenic ([Fig. 3D](#sct312089-fig-0003){ref-type="fig"}--[3F](#sct312089-fig-0003){ref-type="fig"}), or chondrogenic ([Fig. 3E](#sct312089-fig-0003){ref-type="fig"}--[3G](#sct312089-fig-0003){ref-type="fig"}) differentiation.

![CXCR4 activity modulation alters MSC chemotaxis ex vivo without adverse effects. To confirm the ability of cultured MSCs to respond to homing signals, we reduced MSC chemotaxis in vitro by CXCR4 antagonism and increased it by CXCR4 stimulation. **(A--C):** Fluorescent immunolabeling of MSCs confirmed similar CXCR4 expression after exposure to BSS **(A;** control), CXCL12 **(B)**, or AMD3100 **(C)**. **(D--K):** Flow cytometry dot plots of replicate MSC cultures showed low CXCR4 surface expression after BSS (control) treatment **(E)** that was not different from CXCL12 **(F)** but was slightly reduced with AMD3100 **(G)**. Cell permeabilization before immunostaining showed that compared with BSS **(I)**, intracellular CXCR4 increased with exposure to CXCL12 **(J)** or AMD3100 **(K)**. **(D, H):** Unstained controls. CXCR4 activity modulation did not provide a cell‐dose advantage, as MSC proliferation did not differ between groups over 8 days after treatment **(L)**. MSC migration through Transwell membranes toward CXCL12 was evaluated by DAPI^+^ nuclei quantification in 10 random fields of view at ×40 magnification Two‐way analysis of variance. **(M):** Graphic representation showing that CXCL12 simulation increased MSC migration compared with BSS, and AMD3100 treatment reduced it. ∗, *p* \< .05; ∗∗∗, *p* \< .001; Student\'s *t* test. Abbreviations: AMD3100, 1,1′‐\[1,4‐phenylenebis(methylene)\]bis‐1,4,8,11‐tetraazacyclotetradecane; BM, basal medium (negative control); BSS, balanced salt solution; CXCR4, C‐X‐C chemokine receptor 4; DAPI, 4′,6‐diamidino‐2‐phenylindole; FBS, BM containing 30% fetal bovine serum (positive control); FITC, fluorescein‐5‐isothiocyanate isomer‐I; MSC, mesenchymal stem cell.](SCT3-6-444-g002){#sct312089-fig-0002}

![Royal College of Surgeons rat mesenchymal stem cells (MSCs) retain multipotency after C‐X‐C chemokine receptor 4 modulation. To control for changes in MSC multipotency from ex vivo treatments, we compared the differentiation potential of the MSCs used for intravenous MSCs to form osteoblasts, adipocytes, and chondrocytes. **(A--F):** Phase‐contrast microscopy images of confluent MSC cultures exposed to differentiation media for 3 weeks. Histological detection of calcium deposition from osteoblasts **(A--C;** alizarin red S) and lipid formation by adipocytes **(D--F;** Oil Red O) shown. Collagen formation by chondrocytes shown in 10‐µm sections from micromass pellets **(G--L;** toluidine blue sodium borate). MSCs exposed to CXCL12 **(A, D, G)**, AMD3100 **(B, E, H)**, or BSS (Cntrl.; **C, F, I)** showed similar differentiation capacity. Abbreviations: AMD3100, 1,1′‐\[1,4‐phenylenebis(methylene)\]bis‐1,4,8,11‐tetraazacyclotetradecane; BSS, balanced salt solution; Cntrl., control; CXCL12, C‐X‐C chemokine ligand 12.](SCT3-6-444-g003){#sct312089-fig-0003}

To determine whether MSC chemotaxis contributed to vision rescue, we stimulated or inhibited CXCR4 activity before MSC^IV^ ([Fig. 2](#sct312089-fig-0002){ref-type="fig"}) and tested the vision at P60. MSCs were exposed to CXCL12 (*n* = 9), AMD3100 (*n* = 6), or BSS (control; *n* = 6; [Fig. 4](#sct312089-fig-0004){ref-type="fig"}). Because the sham effect increased from MSC^IV^, we performed BSS^SRI^ in one eye to compare the vision improvement between the homing‐modulating treatments. Visual function in BSS^SRI^‐treated eyes was normalized to contralateral (untreated) eyes in each animal. Visual acuity increased 18% from CXCL12‐conditioned MSC^IV^ (*p* \< .05; [Fig. 4A](#sct312089-fig-0004){ref-type="fig"}). AMD3100 conditioning of MSCs did not alter the acuity relative to the contralateral eyes compared with CXCL12 or BSS conditioning (*p* \> .05).

![Enhanced intravenous mesenchymal stem cell infusion (MSC^IV^) homing potentiates photoreceptor and vision rescue. Postnatal day (P)21--P25 Royal College of Surgeons rats received unilateral subretinal injection of balanced salt solution, followed by CXCL12‐conditioned MSC^IV^ 24 hours later, with function assessed at P60. **(A):** Raw optokinetic response measurements in units of cycles per degree were normalized to the endogenous control of Contra. (untreated) eyes in individual animals. Rats that received CXCL12‐conditioned MSC^IV^ improved visual acuity by 18% compared with contralateral eyes, which significantly differed from that of BSS‐conditioned MSC^IV^. BSS‐ and AMD3100‐conditioned MSC^IV^ did not significantly improve visual acuity. **(B):** ERG maximal b‐wave amplitudes in treated eyes were normalized to that of Contra. eyes. The b‐wave responses were 103% higher with CXCL12‐conditioned MSC^IV^, but AMD3100‐ and BSS‐conditioned MSC^IV^ did not significantly alter function. **(C--E):** Representative traces from treated eyes (red) and Contra. eyes (blue) from animals that received MSC^IV^ conditioned with BSS **(C)**, CXCL12 **(D)**, or AMD3100 **(E)**. **(F--H):** Photomicrographs of cresyl violet‐stained retinae that received MSC^IV^ illustrate pathological differences. Retinal areas inferior to the injection site showed greater ONL thickness from MSC^IV^ conditioned by CXCL12 **(G)** compared with BSS **(F)** or AMD3100 **(H)**. Scale bar = 100 µm. Abbreviations: AMD3100, 1,1′‐\[1,4‐phenylenebis(methylene)\]bis‐1,4,8,11‐tetraazacyclotetradecane; BSS, balanced salt solution; Contra., contralateral; CXCL12, C‐X‐C chemokine ligand 12; ERG, electroretinography; INL, inner nuclear layer; ONL, outer nuclear layer; RGC, retinal ganglion cells; RPE, retinal pigment epithelium.](SCT3-6-444-g004){#sct312089-fig-0004}

Focal retinal rescue is sufficient to elicit a head‐tracking response, but OKR less accurately distinguishes total anatomical/physiological rescue compared with ERG. b‐Wave amplitudes were higher from infusion of CXCL12‐conditioned MSCs compared with BSS (*p* \< .01) or AMD3100 conditioning (*p* \< .01; [Fig. 4B](#sct312089-fig-0004){ref-type="fig"}). Representative ERG traces showed lower b‐wave amplitudes in rats that received AMD3100‐ or BSS‐conditioned MSCs compared with CXCL12‐conditioned MSCs ([Fig. 4C](#sct312089-fig-0004){ref-type="fig"}--[4E](#sct312089-fig-0004){ref-type="fig"}). Histological assessment of these retinae showed the most photoreceptor rescue with CXCL12‐conditioned MSC^IV^ and the least with AMD3100‐conditioned MSC^IV^ ([Fig. 4F](#sct312089-fig-0004){ref-type="fig"}--[4H](#sct312089-fig-0004){ref-type="fig"}).

Limited Retinal Recruitment of CXCL12‐Stimulated MSC^IV^ {#sct312089-sec-0014}
--------------------------------------------------------

We investigated whether the enhanced vision from CXCL12‐conditioned MSC^IV^ corresponded with retinal recruitment. We had previously demonstrated MSC recruitment via inner retinal vessels 2 weeks after MSC^IV^ [20](#sct312089-bib-0020){ref-type="ref"} and, in the present study, evaluated homing at 3 and 7 days in BSS^SRI^‐treated eyes. MSCs ([Fig. 5A](#sct312089-fig-0005){ref-type="fig"}) were labeled with PKH26 or PKH67 and used for MSC^IV^ or culture expanded to monitor fluorescence diminution over 10 days ([Fig. 5B](#sct312089-fig-0005){ref-type="fig"}, [5C](#sct312089-fig-0005){ref-type="fig"}). On day 3, PKH26^+^ MSCs were frequently detected in cryosections of lung tissue ([Fig. 5D](#sct312089-fig-0005){ref-type="fig"}, [5E](#sct312089-fig-0005){ref-type="fig"}) and by flow cytometry of peripheral blood but with low frequency in bone marrow aspirates (supplemental online Fig. 2). In contrast, PKH26^+^ MSCs were absent in retinal sections ([Fig. 5F](#sct312089-fig-0005){ref-type="fig"}) and rarely detected by flow cytometry of dissociated neural retinae ([Fig. 5G](#sct312089-fig-0005){ref-type="fig"}). PKH26^+^ MSCs were sporadically detected in the retinal sections by day 7, indicated by DAPI^+^ colocalization with PKH26^+^ fluorescent puncta ([Fig. 5H](#sct312089-fig-0005){ref-type="fig"}), similar in appearance to the subretinal injected PKH26^+^ MSCs (1 × 10^4^) on day 3 used for illustration ([Fig. 5I](#sct312089-fig-0005){ref-type="fig"}).

![Limited MSC detection in the retina after intravenous infusion of MSCs (MSC^IV^). **(A):** Phase‐contrast microscopy of cultured MSCs at 70% confluence before C‐X‐C chemokine ligand 12, 1,1′‐\[1,4‐phenylenebis(methylene)\]bis‐1,4,8,11‐tetraazacyclotetradecane, or balanced salt solution (BSS) conditioning. MSCs labeled with PKH26 **(B;** 598‐nm λ‐emission, red/orange) or PKH67 **(C;** 480‐nm λ‐emission, green) showed no cell toxicity, morphological changes, or retained fluorescence over 10 days in vitro. Scale bar = 25 µm. **(D, E):** Lung tissue collected 3 days after MSC^IV^ showed PKH67^+^ MSCs proximal to autofluorescent bronchi‐alveolar microvilli (PKH26 **\[D\]** and PKH67 **\[E\]**; insets show magnified views). **(F):** Representative retinal image from rat in **(D)** using identical gain and exposure settings exemplifies typical donor cell absence 3 days after MSC^IV^ (*n* = 6). **(G):** Representative flow cytometry dot plot showing single‐cell dissociated retina quantification with low (0.1%) PKH26^+^ MSC^IV^ detection on day 3. **(H):** Sporadic PKH26^+^ MSCs were observed in the subretinal space on day 7, proximal to the site of subretinal injection of BSS colocalized with 4′,6‐diamidino‐2‐phenylindole‐positive nuclei (insets). **(I):** For comparison, 1 × 10^4^ PKH26 MSC^SRI^ are shown aggregated in the subretinal space on day 3, with similarly eccentric PKH26^+^ puncta (insets, magnified views). Abbreviations: FITC, fluorescein‐5‐isothiocyanate isomer‐I; MSC, mesenchymal stem cell; RCS, Royal College of Surgeons; SRI, subretinal injection.](SCT3-6-444-g005){#sct312089-fig-0005}

Evidence for MSC Trophic Support of Visual Function In Vivo and RPE Phagocytosis Ex Vivo {#sct312089-sec-0015}
----------------------------------------------------------------------------------------

Because few MSCs were detected in retinae from MSC^IV^, we determined whether the presence of MSCs is needed to rescue vision. Low donor cell engraftment opposes cell replacement as a central mechanism of MSC protection [39](#sct312089-bib-0039){ref-type="ref"}, [40](#sct312089-bib-0040){ref-type="ref"}. The use of MSC‐CdM eliminated the possibility of exogenous cell engraftment as an explanation for therapeutic improvement following injury and, instead, implicated paracrine support by secreted growth factors, cytokines, neurotrophins, and peptide hormones [34](#sct312089-bib-0034){ref-type="ref"}, [41](#sct312089-bib-0041){ref-type="ref"}. To investigate whether MSC^SRI^ rescued vision through trophic support, we injected 35× concentrated conditioned medium from MSCs (CdM^SRI^) or BSS^SRI^ (control) and assessed vision at P60. ERG b‐wave amplitudes were 50% higher in CdM^SRI^‐treated eyes (relative to untreated contralateral eyes) compared with a 16% decrease with BSS^SRI^ (*p* \< .05; [Fig. 6A](#sct312089-fig-0006){ref-type="fig"}). Representative ERG traces showed higher b‐wave amplitudes in the CdM^SRI^‐treated eyes (red) compared with the contralateral eyes (blue) and compared with BSS^SRI^ ([Fig. 6B](#sct312089-fig-0006){ref-type="fig"}).

![Mesenchymal stem cell (MSC)‐mediated trophic support of visual function in vivo and retinal pigment epithelium (RPE) phagocytosis capacity ex vivo. **(A):** ERG b‐wave amplitudes were higher in eyes treated with 35× MSC‐CdM^SRI^ (normalized to Contra. Eyes; *n* = 3), compared with BSS^SRI^ (*n* = 5) at postnatal day 60 (*p* \< .05). **(B):** ERG traces show higher b‐wave amplitude from CdM^SRI^ (66.8 µV) versus BSS^SRI^ (24.6 µV). **(C, D):** Metabolic viability in Royal College of Surgeons RPE increased 24 hours after exposure to 5× CdM, which was abrogated by preincubating CdM with blocking antibodies to select trophic factors **(C)** or by preincubating RPE cultures with antibodies to trophic factor receptors **(D)**. CdM enhanced the total POS^Bound^ **(E--H,** quantified in **I)**. **(J, K):** POS^INT^ colocalization with phagolysosome marker, cathepsin‐D, in BM (**J**, colocalized area in **J')** was increased by CdM exposure **(K,** colocalized area in **K')**. **(L):** The peptides in **(C)** were screened for possible contribution to POS^Bound^. **(M):** Total POS^Bound^ was abrogated with BDNF neutralization (82% ± 5% of IgG~1~ control; \*, *p* \< .05) and was restored with the addition of 50 ng/ml BDNF to BM (197% ± 25% of IgG~1~ control; ^†^, *p* \< .05). Abbreviations: BDNF, brain‐derived neurotrophic factor; bFGF, basic fibroblast growth factor; BM, basal medium; BSS, balanced salt solution; CdM, MSC‐conditioned medium; CNTF, ciliary neutrophoric factor; CNTFR, CNTF receptor; Contra., contralateral (untreated); CTGF, connective tissue growth factor; CXCL12, C‐X‐C chemokine ligand 12; CXCR4, C‐X‐C chemokine receptor 4; DAPI, 4′,6‐diamidino‐2‐phenylindole; ERG, electroretinography; GDNF, glial‐derived neurotrophic factor; GDNFR, GDNF receptor; GM, growth medium; IgG, immunoglobulin G; IgG1, immunoglobulin G1; POS^BOUND^, photoreceptor outer segments bound to RPE; POS, photoreceptor outer segments; POS^INT^, RPE‐internalized POS; rBDNF, brain‐derived neurotrophic factor receptor; SRI, subretinal injection; TrkA, TrkB, TrkC, tropomyosin receptor kinase A, B, C; VEGF, vascular endothelial growth factor.](SCT3-6-444-g006){#sct312089-fig-0006}

We next investigated whether peptides in CdM affect RPE ex vivo because retinal degeneration in RCS rats is a consequence of phagocytosis dysfunction. We selected trophic factors and their receptors to test by antibody‐blocking assays based on their reported protection of RCS retinae. Pathological rescue was shown with bFGF [42](#sct312089-bib-0042){ref-type="ref"}, GDNF [43](#sct312089-bib-0043){ref-type="ref"}, BDNF [44](#sct312089-bib-0044){ref-type="ref"}, VEGF [45](#sct312089-bib-0045){ref-type="ref"}, and CNTF [20](#sct312089-bib-0020){ref-type="ref"}. In contrast, CXCL12 rescued photoreceptors in a model of retinal injury [46](#sct312089-bib-0046){ref-type="ref"}. Uniquely, CTGF was shown to regulate RPE transdifferentiation [47](#sct312089-bib-0047){ref-type="ref"} and cooperate with growth factor signaling for tissue protection in vivo [48](#sct312089-bib-0048){ref-type="ref"}.

Ex vivo assays showed the metabolic activity in RPE to decrease with exposure to MSC‐CdM that was pretreated with antibodies to each trophic factor, except for CTGF ([Fig. 6C](#sct312089-fig-0006){ref-type="fig"}). Similarly, RPE viability was reduced by antibody blockade of trophic factor receptors before CdM exposure ([Fig. 6D](#sct312089-fig-0006){ref-type="fig"}). Total FITC‐labeled POS that bound (POS^Bound^) RPE increased during 24 hours of culture in GM compared with BM and was highest in MSC‐CdM ([Fig. 6E](#sct312089-fig-0006){ref-type="fig"}--[6H](#sct312089-fig-0006){ref-type="fig"}). Fluorescent images from POS^Bound^ (green), colocalized in silico with phagolysosome marker cathepsin‐D (red), demonstrated greater POS internalization in MSC‐CdM versus BM when normalized to cell number (DAPI, blue; [Fig. 6J](#sct312089-fig-0006){ref-type="fig"}, [6K](#sct312089-fig-0006){ref-type="fig"}). bFGF is secreted by rat MSCs [49](#sct312089-bib-0049){ref-type="ref"} and was reported sufficient to restore RPE phagocytic competence in RCS rat retinae [50](#sct312089-bib-0050){ref-type="ref"}. However, only modest diminution of POS^Bound^ was observed with bFGF neutralization of CdM ([Fig. 6L](#sct312089-fig-0006){ref-type="fig"}). However, BDNF neutralization in CdM reduced POS^Bound^, which was restored with the addition of 50 ng/ml recombinant BDNF to BM ([Fig. 6M](#sct312089-fig-0006){ref-type="fig"}).

Blood Composition Changes Following MSC^IV^ Suggest Systemic Immunomodulation {#sct312089-sec-0016}
-----------------------------------------------------------------------------

In contrast to paracrine mechanisms of retinal protection from MSC^SRI^, we explored the possibility of systemic effects from MSC^IV^. We compared the blood cellular composition changes after MSC^IV^ using CBCs over 2 weeks. Rats received unilateral BSS^SRI^ alone or combined with MSC^IV^. Circulating platelets were reduced on day 3 ([Fig. 7A](#sct312089-fig-0007){ref-type="fig"}), and lymphocytes were reduced on day 7 ([Fig. 7B](#sct312089-fig-0007){ref-type="fig"}). Neutrophils were also decreased on day 3 from MSC^IV^‐supplemented BSS^SRI^ compared with BSS^SRI^ alone (197 ± 16 vs. 310 ± 25; *p* \< .05; data not shown). Spleen weights normalized to body weight did not differ among the rats from the two treatment groups (data not shown). Two of the three rats that received MSC^IV^ had thrombocytopenia on day 3, with platelet counts of 306 × 10^9^/l and 254 × 10^9^/l, well below the normal range (685--1,436 × 10^9^/l). Monocyte counts were also reduced on days 3 and 7 after MSC^IV^ ([Fig. 7C](#sct312089-fig-0007){ref-type="fig"}). CBCs from untreated animals and those that received MSC^IV^ alone and untreated with MSC^IV^ indicated that platelet reduction occurred exclusively when MSC^IV^ supplemented BSS^SRI^ ([Fig. 7D](#sct312089-fig-0007){ref-type="fig"}).

![Systemic cellular changes after MSC^IV^. Postnatal day 28 Royal College of Surgeons rats received BSS^SRI^ supplemented with MSC^IV^ 24 hours later (*n* = 3) or no treatment (*n* = 3). Complete blood counts were performed on days 1, 3, 7, and 14. MSC^IV^‐treated rats showed reduced circulating lymphocytes on days 3 and 7 **(A)**, fewer platelets on day 3 **(B)**, and fewer monocytes on days 3 and 7 **(C)**. Two of the three rats that received MSC^IV^ displayed thrombocytopenia with platelet counts of 306 and 254 K/µl, well below the normal range (685--1,436 K/µl). Abbreviations: BSS, balanced salt solution; IV, intravenous; MSC, mesenchymal stem cell; SRI, subretinal injection; Untr., untreated.](SCT3-6-444-g007){#sct312089-fig-0007}

Discussion {#sct312089-sec-0017}
==========

Consistent with our previous findings, MSC^SRI^ alone mitigated retinal dystrophy in a focal manner proximal to the graft site and preserved corresponding vision in RCS rats. Sham treatment (BSS^SRI^) also produced minor focal rescue ([Fig. 1F](#sct312089-fig-0001){ref-type="fig"}). The sham effect did not account for functional rescue from cell injections, because the efficacy from MSC^SRI^ was consistently greater than that from BSS^SRI^ ([Fig. 1](#sct312089-fig-0001){ref-type="fig"}; supplemental online Fig. 1). In contrast, MSC^IV^ alone generated mild and widespread phenotypic protection. When combined, however, retinotopic mapping by LTR showed that MSC^IV^ supplementation extended the rescue area conferred by MSC^SRI^ and increased total retinal sensitivity ([Fig. 1B](#sct312089-fig-0001){ref-type="fig"}; supplemental online Fig. 1). Synergistic vision rescue from combined MSC transplant suggested that MSC protection mechanisms are not redundant and differ by administration route. MSC^IV^ supplementation also augmented the rescue conferred by the sham effect ([Fig. 1A](#sct312089-fig-0001){ref-type="fig"}, [1B](#sct312089-fig-0001){ref-type="fig"}). Frequently omitted from discussion, the sham effect became advantageous by its augmentation without retinal recruitment. This indicates that synergistic rescue is not limited to MSC^SRI^. The existence of the sham effect suggests that endogenous protection mechanisms might be augmented to reduce vision loss from disease or injury, which might, in fact, be represented by the increased visual acuity and luminance sensitivity after MSC^IV^ supplementation.

Vision rescue in the absence of MSC recruitment was demonstrated by CdM^SRI^ ([Fig. 4A](#sct312089-fig-0004){ref-type="fig"}). Because the rescue (from CdM^SRI^) was greater than that from BSS^SRI^, the repertoire of MSC‐derived trophic factors likely differed from those induced by the sham effect or differed in quantity ([Fig. 5](#sct312089-fig-0005){ref-type="fig"}). Vision rescue from MSC^SRI^ or BSS^SRI^ was similarly increased by MSC^IV^ supplementation (3.9‐fold with MSC^SRI^ and 3.4‐fold with BSS^SRI^). Rescue was greater from MSC^SRI^ by all functional tests, indicating that trophic support from BSS^SRI^ with MSC^IV^ did not compensate for the absence of MSC^SRI^ in retinae ([Fig. 5F](#sct312089-fig-0005){ref-type="fig"}--[5H](#sct312089-fig-0005){ref-type="fig"}). Because fewer MSC^IV^ were in retinae than from MSC^SRI^ ([Fig. 5I](#sct312089-fig-0005){ref-type="fig"}), additional paracrine support from MSC^IV^ was unlikely to be the mechanism of synergistic rescue. This further supports distinct and cooperative protection mechanisms by MSCs and from the sham effect.

MSC‐secreted factors activate prolife signal transduction pathways in preapoptotic cells that are jeopardized by metabolic dysregulation from oxygen, glucose, or nutrient deprivation [51](#sct312089-bib-0051){ref-type="ref"}. Ex vivo assays showed that MSC‐CdM supports photoreceptor survival ex vivo [52](#sct312089-bib-0052){ref-type="ref"} and enhances RPE internalization of POSs [53](#sct312089-bib-0053){ref-type="ref"}, with an increase in RPE metabolic viability ([Fig. 6C](#sct312089-fig-0006){ref-type="fig"}, [6D](#sct312089-fig-0006){ref-type="fig"}). Rat MSCs have been shown to secrete BDNF [49](#sct312089-bib-0049){ref-type="ref"}, the transcriptional silencing of which [53](#sct312089-bib-0053){ref-type="ref"}, or antibody neutralization in MSC‐CdM ([Fig. 6M](#sct312089-fig-0006){ref-type="fig"}), reduced RPE phagocytosis ability. Although not yet clear, a putative mechanism by which RPE phagocytosis might circumvent MERTK function was recently described to occur through opsonizing bridge molecules secreted by human umbilical tissue‐derived cells (hUTCs) [53](#sct312089-bib-0053){ref-type="ref"}. Transcript silencing of opsonizing peptides yielded hUTC‐CdM with reduced ability to promote POS uptake by cultured RPE cells derived from RCS rats. POS preincubation with recombinant opsonizing peptides increased phagocytosis, as did recombinant growth factor addition. It will be interesting to determine which alternate membrane receptors can be used by opsonizing peptides, and whether they compensate for MERTK dysfunction in vivo.

A role for NGF signaling was recently implicated for endogenous MSC activation of Müller glia [54](#sct312089-bib-0054){ref-type="ref"} in which CNTF expression was shown to be instigated by exogenous MSC^IV^ [20](#sct312089-bib-0020){ref-type="ref"}. CNTF secretion by encapsulated RPE was clinically shown to preserve vision [55](#sct312089-bib-0055){ref-type="ref"}. Furthermore, photoreceptor survival signaling has been proposed to occur through intermediary cells that regulate retinal homeostasis. Müller glia cells fit this description as they have been described to increase NGF, CNTF, and GDNF expression in response to infiltrative microglia following injury, the receptors for which are absent on photoreceptors [56](#sct312089-bib-0056){ref-type="ref"}. These data are consistent with the role for activated Müller glia as a conduit for trophic support of photoreceptor survival and, collectively, support a cell signaling network mechanism for MSC‐mediated retinal protection.

Because the MSC secretome is environment‐dependent [57](#sct312089-bib-0057){ref-type="ref"}, [58](#sct312089-bib-0058){ref-type="ref"}, [59](#sct312089-bib-0059){ref-type="ref"}, [60](#sct312089-bib-0060){ref-type="ref"}, [61](#sct312089-bib-0061){ref-type="ref"}, the administration route likely influenced the different MSC responses [62](#sct312089-bib-0062){ref-type="ref"}, which might partially account for the nonredundant mechanisms. Intravenous delivery provided initial access to circulating immune cells. MSC^IV^‐secreted peptides have been shown to decrease circulating inflammatory cell numbers [63](#sct312089-bib-0063){ref-type="ref"} and inflammatory responses from circulating lymphocytes [64](#sct312089-bib-0064){ref-type="ref"}, macrophages [65](#sct312089-bib-0065){ref-type="ref"}, and dendritic cells [66](#sct312089-bib-0066){ref-type="ref"}. MSC influence on regulatory T cells was suggested as the mechanism by which MSCs promote allograft tolerance [67](#sct312089-bib-0067){ref-type="ref"} and ameliorate autoimmune uveoretinitis [68](#sct312089-bib-0068){ref-type="ref"}. Immune cell regulation is consistent with the role of MSCs and their progeny, which comprise stromal elements of endosteal and sinusoidal niches that support hematopoiesis in vivo [69](#sct312089-bib-0069){ref-type="ref"} and ectopic HSC niche formation de novo [70](#sct312089-bib-0070){ref-type="ref"}, [71](#sct312089-bib-0071){ref-type="ref"}. The orthotopic locale of MSCs is the marrow space, in which PKH26^+^ MSCs were detected on day 3 after MSC^IV^, albeit infrequently (supplemental online Fig. 2B).

CXCL12/CXCR4 signaling in HSC niches also influences lymphoid and myeloid cell development and mobilization and retention in bone marrow [72](#sct312089-bib-0072){ref-type="ref"} and might explain our observed lymphocyte and/or platelet decrease after MSC^IV^ ([Fig. 7](#sct312089-fig-0007){ref-type="fig"}). For example, MSC‐derived osteoblasts were shown to inhibit megakaryocyte maturation in vivo [73](#sct312089-bib-0073){ref-type="ref"} and to influence platelet biogenesis ex vivo [74](#sct312089-bib-0074){ref-type="ref"}, a process that coincides with the timeframe of our observed platelet reduction after MSC^IV^. The platelet decrease occurred only in the context of BSS^SRI^, which might suggest an injury‐specific systemic response that does not require retinal recruitment ([Fig. 7D](#sct312089-fig-0007){ref-type="fig"}). Blood composition changes were previously reported at 6 and 24 hours after MSC^IV^ supplementation of cerebral infarction. Only brief MSC persistence was noted, but prolonged functional efficacy coincided with sustained activation of microglia and astrocytes proximal to the injury [75](#sct312089-bib-0075){ref-type="ref"}.

MSCs were detected in the circulation 3 days after MSC^IV^ but were absent from retinal cryosections (supplemental online Figure 2C; [Fig. 5F](#sct312089-fig-0005){ref-type="fig"}). MSCs were sporadically detected in retinae by day 7 ([Fig. 5H](#sct312089-fig-0005){ref-type="fig"}). Latent chemotaxis, however, was unlikely, because MSCs were not detected in P60 or P90 retinae (data not shown). This instead suggests passive MSC migration or migration to alternative sites. Furthermore, CXCL12 conditioning did not increase MSC^IV^ recruitment at 24 or 72 hours, the typical timeframe for MSC chemotaxis, despite improved ERG and OKR ([Fig. 4](#sct312089-fig-0004){ref-type="fig"}). Similar proliferation and differentiation after CXCL12 conditioning excluded a cell dose ([Fig. 2L](#sct312089-fig-0002){ref-type="fig"}) and multipotency ([Fig. 3](#sct312089-fig-0003){ref-type="fig"}) advantage to which improvement could be attributed.

It is possible that MSC^IV^‐secreted factors acted on retinae by endocrine means [76](#sct312089-bib-0076){ref-type="ref"} (i.e., passive MSC^IV^ aggregation at thrombotic capillary beds from which trophic factors are secreted into the circulation). We did not examine this possibility; however, in such a scenario, intra‐arterial infusion might increase the number of aggregated MSCs and improve rescue. The intent of enhancing MSC^IV^ migration, targeting, adherence, or integration to specific tissues is to improve therapeutic efficacy [62](#sct312089-bib-0062){ref-type="ref"}. However, the sparsity of homed MSC^IV^ in the presence of vision rescue suggests that the site of injury is not the only site of MSC action. Accordingly, enhanced MSC^IV^ migration to the retina might reduce vision rescue if it is at the expense of recruitment to the appropriate destination from which MSCs confer therapeutic efficacy. Additionally, the duration of vision rescue greatly exceeded that of MSC^SRI^ graft survival. It is therefore of interest to characterize the temporal window during which synergistic rescue can be achieved and whether this timeframe can be extended by altering the transplant strategy (i.e., MSC^IV^ redosing).

MSC^IV^ supplementation did not facilitate MSC^SRI^ persistence in the subretinal space. This was unlikely to be due to rejection, because MSCs are hypoimmunogenic, mitigate inflammatory responses [62](#sct312089-bib-0062){ref-type="ref"}, and support the RCS‐RPE regulation of subretinal immune privilege [77](#sct312089-bib-0077){ref-type="ref"}. Rejection‐independent mechanisms are further supported by the immune tolerance of isogenic [19](#sct312089-bib-0019){ref-type="ref"} and syngeneic retinal grafts without immune suppression [78](#sct312089-bib-0078){ref-type="ref"} and by MSC graft dissolution in immunodeficient animals [79](#sct312089-bib-0079){ref-type="ref"}. Furthermore, we observed long‐term retinal persistence of human RPE [33](#sct312089-bib-0033){ref-type="ref"}, NPCs [31](#sct312089-bib-0031){ref-type="ref"}, and iNPCs in RCS retinae [32](#sct312089-bib-0032){ref-type="ref"}. Donor cell persistence was unlikely from dysfunctional *MerTK* in macrophages, because engulfment can occur through alternate pathways [80](#sct312089-bib-0080){ref-type="ref"}, [81](#sct312089-bib-0081){ref-type="ref"}. In contrast, MSC^IV^ has been shown to reduce microglia/macrophage infiltration to ischemic sites [82](#sct312089-bib-0082){ref-type="ref"} and to polarize macrophages toward a less inflammatory state [83](#sct312089-bib-0083){ref-type="ref"}, [84](#sct312089-bib-0084){ref-type="ref"}, [85](#sct312089-bib-0085){ref-type="ref"}. Collectively, these observations suggest that MSC^SRI^ disappearance from dystrophic retinae is specific to MSCs. Yet unclear is whether this can be advantageous for cotransplant paradigms that necessitate transient support.

Using MSC^IV^ as adjuvant therapy is particularly attractive because MSCs are a renewable resource that can be readministered noninvasively to minimize retinal damage in patients. MSC^IV^ could also reduce immunosuppression toxicity by permitting lower dosing regimens and help avoid complications from patient noncompliance. The multiple and complex mechanisms described for MSC‐mediated retinal protection require further clarification. It is not yet clear how MSC coadministration synergizes to protect dystrophic retinae. However, this observation underscores the possibility that yet unidentified transplant strategies might improve MSC therapy. Of clinical relevance is whether MSC^IV^ supplementation can improve vision rescue from different disease etiologies. More generally, MSC^IV^ adjuvant therapy may enhance the therapeutic outcomes of cell‐based therapies for other medical conditions.

Conclusion {#sct312089-sec-0018}
==========

MSC^IV^ has gained momentum for clinical adoption with their immunosuppressive properties serving as the preeminent rationale. The vision rescue from MSC^SRI^ in RCS rats was dramatically increased by MSC^IV^ supplementation. Thus, cell therapies for progressive degenerative diseases, such as AMD and RP, might be more effective when combined with MSC^IV^. The translational implications of potentiating treatments currently deemed insufficient warrants further investigation of MSC^IV^ adjuvant therapy.
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